Two-dimensional (2D) transition-metal dichalcogenide (TMD) MX 2 (M = Mo, W; X= S, Se, Te) possess unique properties and novel applications. In this work, we perform first-principles calculations on the van der Waals (vdW) stacked MX 2 heterostructures to investigate their electronic, optical and transport properties systematically. We perform the so-called Anderson's rule to classify the heterostructures by providing the scheme of the construction of energy band diagrams for the heterostructure consisting of two semiconductor materials. For most of the MX 2 heterostructures, the conduction band maximum (CBM) and valence band minimum (VBM) reside in two separate semiconductors, forming type II band structure, thus the electron-holes pairs are spatially separated. We also find strong interlayer coupling at Γ point after forming MX 2 heterostructures, even leading to the indirect band gap. While the band structure near K point remain as the independent monolayer. The carrier mobilities of MX 2 heterostructures depend on three decisive factors, elastic modulus, 2 effective mass and deformation potential constant, which are discussed and contrasted with those of monolayer MX 2 , respectively. 3
I. INTRODUCTION
The family of Two-dimensional (2D) materials has grown rapidly for their unique properties different from their 3D counterparts. A wide range of 2D materials, e.g. graphene 1, 2 , BN 3, 4 , transition metal dichalcogenides (TMDs) 5, 6 , black phosphorus [7] [8] [9] , and etc, have been proposed and under intense investigations. Among these, transition metal dichalcogenides, with the formula MX 2 (where M is a transition metal and X is a chalcogen), are prominent due to their finite direct band gaps, with strong optoelectronic responses 10 , large on-off ratios and high carrier mobilities 11, 12 .
Furthermore, a spin-orbit driven splitting of the valence band was found in the 2H monolayer TMDs due to the lack of inversion symmetry, which ultimately allows for valley-selective excitation of carriers [13] [14] [15] . In addition, the electronic properties of TMDs can be tuned by strain 16 , layer numbers 17 , nanostructuring 18 , and electrostatic gating 19 , or by combining individual 2D materials into van der Waals (vdW) stacked heterostructures 20 . The vdW heterostructures can be obtained by transfer or direct epitaxial growth 21, 22 . The interface of the heterostructures can be atomically sharp, with two-atomic thick junction region 21 , and the interlayer coupling intensity can even be tuned. Thus, the vdW heterostructures opens up many possibilities for creating new TMD material systems with rich functionalities and novel physical properties 23 . Because when two different atomically thin layers are stacked and binded by van der Waals forces to form MX 2 heterostructures, electronic properties of the formed vdW MX 2 heterostructures will be affected significantly by the alignment of the monolayer MX 2 to form varieties of band structures different from the monolayer counterpart, which can be direct-or indirect-bandgap, or metallic materials 24 .
For example, MoS 2 -WSe 2 hetero-bilayer possesses a type II band alignment, and furthermore, the conduction band maximum (CBM) and valence band minimum (VBM) reside in different monolayers. Due to the separate spatial locations of CBM and VBM, the photon-generated electron-holes pairs are therefore spatially separated, resulting in much longer exciton lifetime and interlayer exciton condensation, which might help invent two-dimensional lasers, light-emitting diodes and photovoltaic devices. 25, 26 . And the evidence of strong electronic coupling between the two individual monolayer MX 2 in MoS 2 -WSe 2 hetero-bilayer was demonstrated, leading to a new photoluminescence (PL) mode in this heterostructure 27 . Hong et al have also investigated the ultrafast charge transfer in MoS 2 -WS 2 heterostructure 28 and found the charge-transfer time is in femtosecond scale, much smaller than that in monolayer MoS 2 or WS 2 . Furthermore, the recombination time of interlayer charge transition is tunable for different stacking order of MoS 2 -WS 2 heterostructure(one was obtained by vertical epitaxial growth while the other was randomly bilayer stacked), with 39 ps and 1.5 ns respectively 29 .
To date, most researches on MX 2 heterostructures are concerned about the S and Se system. In this paper, by using first-principles calculations, we systematically investigate the electronic, mechanical, transport and optical properties of the vdW MX 2 
II. METHODOLOGY
All the calculations are performed using the Vienna ab-initio simulation package (VASP) based on density functional theory (DFT) 30 . The exchange-correlation energy is described by the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) parametrization. We choose the DFT-D2 semiempirical dispersion-correction approach to involve the long-distance van der Waals (vdW) interactions 31, 32 . The calculation is carried out by using the projector-augmentedwave (PAW) pseudopotential method with a plane-wave basis set with a kinetic energy cutoff of 600 eV. A 15×15×1 Γ-centered k-mesh is used during structural relaxation for the unit cell until the energy differences are converged within 10 eV/Å. The vacuum size is larger than 25 Å between two adjacent atomic layers to eliminate artificial interactions between them. The electronic bandstructures of the vdW layered heterostructures are further verified by the calculations using hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional 33, 34 , which improves the precision of bandstructures by reducing the localization and delocalization errors of PBE and Hartree-Fock (HF) functionals. Here the mixing ratio is 25% for the short-range HF exchange. The screening parameter is 0.2 Å −1
.
As we know, the electron-phonon scatterings play an important role in determining the intrinsic carrier mobility µ of 2D vdW MX 2 heterostructures, in which the scattering intensities by acoustic phonons are much stronger than those by optic phonons in two-dimensional materials 35 . Therefore, the deformation potential theory for semiconductors, which considers only longitudinal acoustic phonon scattering process in the long-wavelength limit [36] [37] [38] [39] , and was originally proposed by Bardeen and Shockley 40 , can be used to calculate the intrinsic carrier mobility of 2D materials.
In the long-wavelength limit, the carrier mobility of 2D semiconductors can be written as 39, 41, 42 :
where e is the electron charge, is the reduced Planck's constant, T is the temperature equal to 300 K throughout the paper. C is the elastic modulus of a uniformly deformed crystal by strains and derived from C = [∂ 2 E/∂ 2 (∆l/l 0 )]/S 0 , in which E is the total energy, ∆l represents the change of lattice constant l 0 along the strain direction, and S 0 is the lattice area at equilibrium for a 2D system. m * is the effective mass given by m
and E(k) is the energy). In addition, D l is the deformation potential (DP) constant defined by To determine the energetically stable structure before geometry optimization, an interlayer- distance optimization step is implemented to find out an optimized d (defined in the Fig. 1(a) ) using the so-called Universal Binding Energy Relation (UBER) method 46, 47 . . and are not sensitive to the interlayer distance. As shown in TABLE I, the optimized interlayer distances of AA stacking structures are larger than those of the corresponding AB stacking structures, which is due to the fact that, in AB structures, the X atoms are not aligned along the vertical axis and a shorter interlayer distance leads to a smaller total energy. Since the M atoms in different layers almost has no interactions, the change of stacking type will affect the interlayer interactions of X atoms. For the hetero-bilayer MX 2 crystals constructed by two monolayer MX 2 , their band structures can be understood by the so-called Anderson's rule, which provides the scheme of the construction of energy band diagrams for the heterostructure consisting of two semiconductor materials 58 . According to the Anderson's rule, the vacuum energy levels of the two constituent semiconductors on either side of the heterostructure should be aligned at the same energy 59 , and there are three types of possible bandedge lineups: straddling, staggered and broken gap, as shown in Fig. 2 irrespective of the stacking manner, which is probably due to the fact the VBM/CBM of heterobilayer structure is attributed to the d/p−obitals of M/X atoms, and the weak vdW interactions will not change the charge distribution of the substituent monolayer MX 2 of the hetero-bilayer structure significantly.
For simpilicity, we first consider the Anderson band type I heterostructure, e.g. band structures
for WTe 2 -WSe 2 and MoTe 2 -WSe 2 hetero-bilayer structures shown as Fig. 3(a,b) . Generally, as we mentioned above, two monolayer MX 2 crystals with identical M atoms but different X atoms possess different CBM/VBM energy levels, and the crystal with the X atoms with a larger atomic number has a higher energy level of CBM or VBM. However, as shown in Fig. 2(b hetero-bilayer MoTe 2 -WSe 2 , as shown in Fig. 3(b) .
As shown in , and the extended exciton lifetime 26 .
The valence band at the Γ point can be attributed to the inter-layer overlap integral of p z orbitals of X atoms belonging to different monolayers at Γ point, as shown in Fig. 3 . For hetero-bilayer MX 2 considered here, the distance between X atoms belonging to different monolayers for the AB stacking hetero-bilayer, i.e. d 2 shown in Fig. 1(a,b) , is smaller than the corresponding AA stacking hetero-bilayer, as shown in TABLE I, thus the energy level of the valence band at the Γ point for AB stacking hetero-bilayer is larger than that for AA stacking hetero-bilayer, due to
. The increase of the energy level of the valence band at Γ points sometimes leads to the formation of Γ − K indirect band gap, e.g. MoSe 2 -WSe 2 as shown in Fig. 3(d) .
The extreme state of staggering is the formation of broken bandgaps, which is also called as the Anderson band type III alignment, as shown in Fig. 2(a) . For example, the CBMs of MoS 2 and WS 2 are much lower than that of other monolayer MX 2 and the WTe 2 possess the highest VBM, as shown in Fig. 2(b) , the band alignment in hetero-bilayer WTe 2 -MoS 2 and WTe 2 -WS 2 thus can be approximately considered as the Anderson band type III alignment, as shown in Fig. 3(e,f) TABLE S1 ). monolayer WSe 2 crystal, therefore, the m * e for MoS 2 -WSe 2 hetero-bilayer is similar to that of monolayer MoS 2 and the m * h is similar to that of monolayer WSe 2 , as shown in Fig. 5(c,d) The optical properties of the vdW MX 2 heterostructures are described by the complex dielectric function, i.e. ǫ(ω) = ǫ 1 (ω) + iǫ 2 (ω). The imaginary part of dielectric tensor ǫ 2 (ω) is determined by a summation over empty band states as follows 71 ,
where Ω is the crystal volume, ǫ 0 is the vacuum dielectric constant, ω represents the photon energy, v and c mean the valence and conduction bands respectively, u is the polarization vector in the incident electric field, u·r is the momentum operator, Ψ k is the wave function at the k point.
The real part of dielectric tensor ǫ 1 (ω) is obtained by the well-known Kramers-Kronig relation 72 ,
where P denotes the principle value. Based on the complex dielectric function, the absorption coefficient α(ω) is given by 73, 74 shown in Fig. 1(c) .
Due to the C 3 symmetry of hexagonal structure of the hetero-bilayer MX 2 , the dielectric function ǫ(ω) possesses the same results along the a and b directions. And the ǫ(ω) results for AA and AB stacking type are also close to each other, as shown in Fig. 7(a,b) and 
